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Multistage Gun for Production of Low Energy Ion Beams* 
H. B. HASKELLt AND O. HEINZ 
U. S. Naval Postgraduate School, Monterey, California 93940 
AND 
D. C. LORENTS 
Stanford Research Institute, Menlo Park, California 94025 
(Received 21 December 1965) 
An ion gun using separate acceleration and deceleration stages to produce ion beams in the 1-100 eV energy 
region has been constructed and tested. The gun is based on an existing electron gun design but uses a thermal 
emitter Li20' AJ,Oa'nSi02 (n =2 and n =4) as a source of Li+ ions. Current densities of 1O-L I0-6 A/cm2 at beam 
energies of 2-100 eV were obtained and both the spatial and the energy distributions of the ions were investigated. 
Minimum beam radii (typically about 1 mm) occurred a few centimeters from the last aperture. Beam profiles 
were measured as a function of axial distance and well collimated beams up to 16 cm in length were obtained. The 
energy spread in the beam was found to be 0.22 eV (total width at half maximum intensity), in good agreement with 
the expected thermal energy spread from the source which operates at about 1200°C. Mass analysis shows that 
beam purities are in excess of 99% 7Li+ for isotopically enriched emitter material. Theoretical calculations of space 
charge effects on image distance and image size are presented as well as design parameters and graphs tor the opera-
tion of the gun under various conditions. 
I. INTRODUCTION 
IN recent years there has been an increasing demand for 
low energy ion beams, well defined in space and energy, 
for use in experimental investigations of atomic collision 
processes. In the energy region below 100 eV the effects of 
space charge upon usable beam intensity, beam shape, 
and ion energy become serious enough to become the 
limiting factors in many experiments. Pierce! has designed 
a widely used lens utilizing curved electrodes to create the 
fields required to simulate flow between concentric spheres. 
Although the Pierce gun has been used for the production 
of low energy ion beams with some success, it was recently 
pointed out by Simpson and Kuyatt2 that there exists a 
fundamental limitation on the beam intensity obtainable 
by any unipotential gun operating at low energies. They 
show that in order to attain the current densities required 
for space charge saturation, in the presence of thermal 
effects at the emitter surface, one would have to exceed 
the space charge limitations imposed by the diode nature 
of any unipotential gun. From this it is concluded that 
unipotential guns are applicable only at comparatively 
high energies and large beam convergence angles. To 
operate outside these limits it is necessary to decouple the 
thermal energy and space charge effects by first accelerat-
ing the particles to a fairly high energy and then de-
celerating them to their final low energy. Simpson and 
Kuyatt3 have designed an electron gun using this multi-
staging principle and we have adapted their design for 
use with low energy ion beams. 
* Work supported by the Office of Naval Research. 
t LCDR, USN. Present address: Airantisubron 25, c/o FPO, 
San Francisco, California 96601. 
I J. R. Pierce, J. Appl. Phys. 11, 548 (1940). 
2 J. A. Simpson and C. E. Kuyatt, J. Res. Nat!. Bur. Std. (U. S.) 
67C, 279 (1963). 
a J. A. Simpson and C. E. Kuyatt, Rev. Sci. Instr. 34, 265 (1963). 
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We have designed and constructed a Li+ ion gun 
employing this multistaging principle in conjunction with 
a thermal source of Li+ ions. The characteristics of this 
gun such as beam intensity and spatial and energy distri-
butions of the beam ions have been studied as a function 
of beam energy and the results are presented below. The 
results of a machine calculation of beam space charge 
effects upon final image size and location are given. Finally 
a set of design curves is presented from which the neces-
sary gun parameters can be determined to yield a beam 
of specified energy and convergence angle with a specified 
minimum beam diameter at a given distance from the 
end of the gun. The use of these curves is illustrated by 
an example. 
II. EXPERIMENTAL MEASUREMENTS 
Ion Emitter 
Two types of ion emitters were used4 ; they were of the 
same basic design but employed somewhat different 
emitting surfaces. The first used a porous tungsten plug 
(70-80% matrix density) impregnated with the mineral 
{3 eucryptite5 (Li20, Ab03' 2Si02) to a depth of 0.25 mm, 
whereas the second type used a solid surface of spod-
umene5 (Li20· A120 3· 4Si02) held in place by a network of 
fine platinum wires. The general construction for the first 
type of ion source is shown in Fig. 1. The construction for 
the second type is identical except that the porous tung-
sten plug is replaced by a shallow cup crisscrossed by 
platinum wires. The spodumene is fused over this wire 
4 The emitters were built by Spectra-Mat, Inc., Box 287, Free-
dom,California. 
6 S. K. Allison and M. Kamegai, Rev. Sci. Instr. 32, 1090 (1961); 
F. M. Johnson, RCA Rev. 22, 427 (1962); and R. P. Lagerstrom, 
Quarterly Res. Rev. No.4, Stanford Electronics Laboratories, 
(1 January-31 March 1963). 
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FIG. 1. Construction of Li+ ion source. 
network to give a reasonably flat and uniform emitting 
surface. 
A simple diode arrangement (Fig. 2) was used to measure 
the total Li+ emission current from both types of emitters. 
Figure 2 shows a typical emission curve for the porous 
tungsten emitter. This is a composite of two curves, at 
low beam energies the suppressor voltage V. was set equal 
to zero (grid grounded); at the higher energies V. was 
-45 V to suppress secondary electrons from the collector. 
The results of our various emission current measurements 
indicate that current densities of 1OG-2oo f.J.A/cm2 at the 
extraction potentials used in our gun can be obtained. 
Lens System 
The lens system (Fig. 3) consists of two stages, each 
mounted on a separate slider so that the spacing between 
them can be adjusted from outside the vacuum system. 
The extraction stage, which is a standard Soa6 immersion 
lens, is positioned with respect to the emitter and there-
after remains fixed while the deceleration stage is movable. 
Since the extraction stage forms an image which becomes 
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FIG. 2. Diode emission characteristics of Li+ ion source. 
a E. A. Soa, Jenaer Jahrbuch 1, 115 (1959). 
of the two stages is determined by the location of the 
extraction stage image and the desired object distance of 
the deceleration stage. Following Soa,s the extraction 
stage object is assumed to be a spot on the emitter surface 
of approximately half the diameter of the grid aperture. 
Defining aperture 1 was arbitrarily located 1 cm down-
stream from the accelerating electrode. 
The apertures of the deceleration stage (Fig. 3) were 
both chosen to be 1 cm with a 1 cm separation between the 
plates to facilitate the design calculations. The electron-
optical properties of such a stage are given by Spangen-
berg and Field.7 The final defining aperture was taken 
arbitrarily to have a diameter of O.S cm, thus fixing the 
maximum beam convergence angle 'Y. This aperture was 
set 1 cm downstream from the decelerating electrode where 
its effect on the decelerating field of the gun is negligible. 
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FIG. 3. Schematic 
of ion gun. 
We can compare the total current delivered by this 
lens system to the theoretical maximum8 
Imax=4.671rEoCe/2M)Wi tan2,)" (1) 
where V is the beam energy in electron volts, M the 
particle mass, e the electronic charge, and')' the launching 
angle of the beam assuming that the beam is focused 
toward a single point. The experimental data indicate that 
the actual beam currents were a factor of 10 to 100 below 
this theoretical maximum as shown in Table I. This dis-
crepancy is believed to be primarily due to two factors. 
(1) The condition that the beam be focused toward a 
point is not satisfied in our case, since we have a finite 
size image, even in the absence of space charge effects. 
(2) Limited emission from the ion emitter which begins 
to level off when the electric extraction field reaches about 
300 V / cm. Since the second factor is believed to be the 
most serious limitation, considerable improvement in the 
total beam current is expected with the development of 
more efficient emitters now underway. 
7 K. Spangenberg and L. M. Field, Elec. Commun. 21, 194 (1943). 
8 E. C. Watson, Phil. Mag, 3, 849 (1927). 
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TABLE 1. Summary of experimental data.a 
Vo i max(Eq.1) i Beam 
V tan" A A ime.x/i Va/Va V./Va perveance 
2 0.13 l.7XlO--s 7.0X 10 \0 24 30 2.0 % 2.5XlO--11 
5 0.11 4.5X lO--s 1.9XIQ-9 23 15 1.2 % 1.7 X 10--10 
10 0.10 LOX 10--7 1.0XlO-9 100 10 0.67% 3.0XlO--1I 
10 0.10 LOX 10--7 1.9 X 10-11 53 10 1.0 % 6.0XlO--n 
10 0.10 1.0 X 10--7 26 10 1.5 % 1.2XlO--10 
10 O.OS 6.5XI0--s 9.9XI0--10 66 6 1.0 % 3.0XlO--n 
10 0.07 5.3XlO--s 6.2X 10--10 SS 6 1.0 % 2.0XlO-n 
20 0.08 l.SXlO--7 1.1 X 10-9 162 6 l.0 % 1.2XlO--11 
20 0.04 5.0XlO--s S.OX10--1O 100 4 1.0 % S.SXlO--12 
30 0.10 S.OXlO--7 2.7 X 10--S 19 10 1.0 % 1.6X 10--11 
30 O.OS 3.3 X 10--7 3.5XlO--g 95 6 1.0 % 2.1 X 10--11 
SO 0.10 1.2 X 10--6 7.3 X 10--8 17 10 1.0 % 2.6XlO--10 
SO O.OS 5.0XlO--7 S.OX 10-11 100 6 1.0 % 1.4X 10--11 
SO 0.05 3.0XI0-7 1.0X 10-11 300 4 1.5% 3.6X10--12 
SO 0.04 2.0XlO--' 1.3 X 10-11 14S 4 1.5 % 4.SXlO--12 
SO 0.08 1.4X10--6 1.2X 10--8 116 6 1.0 % 1.7 X 1O--1l 
100 0.04 4.SXlO--7 5.0XI0-1l 95 4 1.0 % 5.0X 10--12 
100 0.04 4.SXlO--7 5.SX 1Q-9 SS 4 1.0 % 5.SXlO--12 
• Further data. including the complete beam profile for each of these runs, are given in Ref. 9. 
Beam Profiles 
The collector for the beam cross section measurements 
consisted of a plate with a 0.23 mm slit mounted vertically 
in front of an insulated collector plate. This assembly was 
swept across the beam and the current through the slit 
recorded on a chart recorder. This trace represents a 
series of very nearly parallel segments cut out of the 
circular beam. The collector assembly was then moved 
along the beam axis and the process repeated. In this 
manner the beam profile was measured as a function of 
distance along the beam axis. 
A representative sample of measured beam profiles 
covering a wide range of beam energies and lens character-
istics is presented in Fig. 4. On each plot are listed the 
significant parameters of the beam. Also shown are the 
optical image and the expected image based on the cal-
culations of Sec. III. The optical image is found by the 
methods of Sec. IV based on the parameters grid bias 
V uI Va, beam voltage Vo, deceleration ratio a/ Vo, and 
deceleration-stage object distance. Choosing these param-
eters arbitrarily fixes the final image size r a, the final image 
distance L, and the convergence angle 'Y. Ordinarily these 
values would be established by the experimental conditions 
(see Sec. IV) and they would then serve to fix the lens 
parameters. However, the reverse procedure was followed 
in this case for evaluation of the lens performance. The 
calculated space charge image is based on the measured 
beam perveance i/Vo! and the calculated optical image. 
The experimental points shown in Fig. 4 are obtained 
from the measured currents by assuming a Gaussian 
current distribution of the form j(r)=A exp( -r2/a.2) and 
taking the nominal beam radius R such that 
I (R)/Itot= l-e-I, 
or about 63% of the beam is within a circle of radius R. A 
curve fitting test was performed to determine the validity 
of the Gaussian assumption for two representative beams 
(80 and 10 eV) near the lens, near the focal point in the 
converging beam, at the focal point, and in the diverging 
beam beyond the focal point. These tests indicate that the 
Gaussian assumption is best for higher energies and close 
to the lens. However, the agreement was fairly good to 
just beyond the focal point in both cases and serious devia-
tions occurred only in the divergent portion of the beam.9 
Thus a Gaussian current distribution appears to be a 
reasonable approximation for the usable portion of the 
beam and this, together with its mathematical simplicity, 
made it a reasonable choice for our beam profile analysis. 
Three deceleration ratios have been investigated rather 
extensively, Va/VO= 10,6,4, while two others, Va/Vo=30 
and 15, were used once each at very low beam energies. 
As the deceleration ratio is lowered, a more nearly parallel 
beam can be obtained at the expense of beam intensity. 
We also found that for the rather low perveances attain-
able, the focal properties of the lens are relatively insensi-
tive to beam perveance. The beam voltage and stepdown 
ratio were held constant while the grid bias was varied. 
This changed the optical properties only slightly, but 
allowed the beam perveance to vary over an order of 
magnitude. Nevertheless the beam profile remained 
relatively unchanged. 
If the grid bias is increased beyond 2%, both the magni-
fication and image distance of the extraction stage in-
crease rapidly. Hence operation above this range of grid 
bias makes the two stages incompatible in that the object 
for the deceleration stage may well be larger than its 
apertures and may lie outside the limits of travel of the 
9 Hugh B. Haskell, "Investigation of a Low Energy Alkali Ion 
Gun," M. S. Thesis, U. S. Naval Postgraduate School May 1965 
(unpublished). ' 
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FIG. 4. Measured beam profiles. 
deceleration stage. Thus, while operation at grid bias 
greater than 2% may give higher total currents because 
of increased emitter output, the focal properties of the 
lens are largely lost. 
Energy Dispersion 
The ion beam was energy analyzed using the cylindrical 
electrostatic analyzer in the apparatus of Lorents and 
Aberth.1O The Li ion gun was mounted in place of the He 
ion source normally used in the apparatus and the beam 
was collimated by the slits used for the He+ scattering. 
The analyzer energy spread t::.E/ E used for this 
ment was about 0.014, where E is the energy of the beam 
transmitted by the analyzer and t::.E is the full width at 
half maxi.mum. To measure the distribution of energies 
in the ion beam it is desirable that t::.E be considerably 
smaller than the width of the beam distribution. The dis-
tribution was determined at five energies between 22.5 and 
4.5 eV by retarding the beam before it entered the analyzer. 
The observed widths at half ma:\.c"imum ranged from 0.33 
eV at 22.76 eV to 0.25 eV at 4.53 eV. At the lowest energy 
t::.E of the analyzer is 0.063 eV or about i of the observed 
width. If one extrapolates the observed widths to zero 
analyzing energy, a spread of 0.22 eV is obtained which is 
a lower limit since the observed width does not follow the 
linear extrapolation but levels off to the actual width. 
Hence the actual width of the distribution is between 0.22 
and 0.25 eV. The width at half maximum of a Maxwellian 
energy distribution at 14400 K is 0.22 eV. Therefore, the 
thermal spread of the ion source is confirmed. 
Mass Analysis 
The mass analysis was carried out by mounting the ion 
source on an existing mass spectrometer which employs a 
wedge shaped magnetic field to deflect the ion beam 
through 90°. The i3 eucryptite for the emitter was prepared 
using isotopically purified 7Li2CO. obtained from Oak 
Ridge and the fraction of 6Li+ /'Li+ was found to be less 
than 10-6• The other impurities found in the beam were 
mostly alkali ions in amounts of less than 1%. Further-
more, there is some evidence that these alkali impurities 
tend to decrease in time and become very sma,ll after a 
few hours of operation. 
III. THEORETICAL CONSIDERATIONS 
We first outline the method of Simpson and Kuyatt3 
for determination of the optical properties of the gun, in 
which space charge effects between the stages and beyond 
the last aperture are not considered. Next we show how the 
image size and distance are modified when space charge 
beyond the last aperture is included and present the re-
sults of numerical computation of these effects. 
Particle Optics 
The characteristics of the extraction stage are sum-
marized in Fig. 5. The emitter is the object plane for this 
10 D. C. Lorents and W. Aberth, Phys. Rev. 139, AIOl7 (1965). 
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stage and the object size is estimated to have a diameter 
equal to half the grid bore. Suitable choice of the voltage 
stepdown ratio fixes Va the extraction potential and allows 
us to define the extraction perveance Peas 
(2) 
where Imax is given by Eq. (1) which takes the form 
(la) 
for 7,Li+ ions, and we take as'Y the maximum convergence 
angle shown in Fig. 7 (a). The extraction perveance has 
been determined experimentally and is shown as the 
dashed curve in Fig. 5 ; the other two curves are taken from 
Simpson and Kuyatt.3 For the reasons given earlier, the 
actual currents were less than the ones predicted by Eq. 
(Ia) by a factor averaging about 30 (see Table I). Hence in 
predicting gun performance using Fig. 5, we found that to 
obtain meaningful results, the values of P e used to enter 
Fig. 5 should be reduced by this factor. The scale of the 
P e curve as well as the reduction factor, if any, must be 
determined experimentally for each type of emitter. 
With the grid bias thus determined, we may establish 
the size and position of the extraction stage image from 
the other two curves. The image thus determined forms 
the object for the deceleration stage, if space charge effects 
in the field free region between the two stages are neglected. 
Figure 6 gives the characteristics of the deceleration 
stage. It is based on the results of Spangenberg and Field,? 
with the potentials reversed. Once the geometry of the 
deceleration stage is fixed, then for a given object size, 
the desired image size and distance are obtained by suitably 
adjusting the object distance and voltage stepdown ratio. 
A sample problem illustrating the use of curves of Figs. 5 
and 6 in predicting gun performance is given below 
(Sec. IV). 
Space Charge Effects 
The effects of space charge in the beam are most signifi-
cant in the field free region beyond the final aperture. The 
OBJECT DISTANCE. 00- em 
calculation of the space charge spreading was begun by 
Watsori8 and carried to completion by WendtY Our cal-
culationl2 follows the version given by Glaserl3 and is 
based on the following assumptions: The radial current 
density is constant across any beam cross section and zero 
outside the outer rays; the total current is constant; and 
the convergence of the rays is sufficiently small that the 
beam is approximately force free in the axial direction and 
hence the axial velocity is very nearly constant and is 
given by 
(2 eV jm)!. (3) 
Referring to Fig. 7(a) we see that the optical image is 
defined by two rays Tl, T2 emanating from diametrically 
opposite points on the periphery of the defining aperture. 
We limit our analysis to the convergent portion of the 
beam where il is negative, which leads to results differing 
slightly from those given by Glaser.l3 In the convergent 
region the outer ray Tl encloses the entire beam while the 
inner ray T2 intersects the outer ray to form the optical 
image. 
Let the axial coordinate of the defining aperture be ZB, 
of the optical image be Za, and of the space charge image 
be ZF. Also let the radius of the defining aperture be RB, 
and of the optical and space charge images be T a and T F, 
respectively. Further, we may define za-zB=L and 
ZF-ZB=L F and finally we choose TO such that when 
ft=O, Tl=To. We now proceed to evaluate the trajectories 
of the outer and inner rays. 
Using the mass of 7Li and mks units, we write the radial 
acceleration of Tl, with the aid of Gauss' law as 
(4) 
where K 1=3.43X106IjVl. Equation (4) may be inte-
11 G. Wendt, Ann. Physik 2, 256 (1948). 
l' For more detailed account see H. B. Haskell, O. Heinz, and P. C. 
Johnson, "Computation of Image Size and Distance for a Converging 
Charged Particle Beam," USNPGS Technical Report/Research 
Paper No. 55 (in preparation). 
13 W. Glaser, Grunrllagen. der Elektronenoptik (Springer-Verlag, 
Berlin, 1952), p. 69. 








FIG. 7. Effect of space charge on principal rays; (a) P=O; (b) P?,Pcr ; and (c) 
grated immediately, giving 
!h2=K1(e/m) In(rI/ro), (5) 
with ro as defined above. We may make the substitution 
(6) 
and taking the negative root of (5) and making use of (3) 
we may integrate (5) to 
Z-ZB= -2Kf8 es"ds', 
8B 
(7) 
where K=5.4XlO-4 ro/pl, with the beam perveance P 
defined as I/V!. The subscript B refers to quantities 
evaluated at the defining aperture. Defining 
D(s)= r eS"ds', 
.10 
which has been tabulated,14 we may write Eq. (7) as 
Z-ZB= -2K[D(s)-D(SB)]. (8) 
Eq. (8) represents the trajectory of the outer ray in the 
region where 1'1 is negative, in terms of the constant ro, as 
yet undetermined. 
To calculate the trajectory of the inner ray, we note 
that, assuming uniform radial current density, we can 
write the strength of the radial field at r2 as E2=KlrdrI2; 
thus, the differential equation for r2 can be written 
(9) 
where rl can be found from Eq. (6) in terms of ro. Applying 
1'2= (drdds) (ds/drl) 1'1 
to Eq. (9) gives 
(d2r2/ ds2)- 2s(drd ds)- 2r2= 0, (10) 
which may be solved by standard methods15 giving 
(11) 
14 E. Jahnke and F. Emde, Tables of Functions (Dover Publica-
tions, Inc., New York, 1945). 
16 P. M. Morse and H. Feshbach, Methods of Theoretical Physics 
(McGraw-Hill Book Company, Inc., New York, 1953), Pt. I, Chap. 
5, p. 523. 
where C1 and C2 are constants of integration and 'P(s) is 
the error function. Applying the known values of rl, 
r2, drt/ dz, and drd dz at the defining aperture, we may 
evaluate the constants and from them we find 
rO=RB exp[ -2.92XlO-7 (RB-ra)2jPL], (12) 
and 
(13) 
in terms of which the complete solution for r2 may be 
written 
To calculate the minimum radius we observe that there 
are two possible cases. In case I, the beam perveance is 
sufficiently high that rl reaches a minimum (= ro) before 
the intersection of the inner and outer rays occurs, as 
illustrated in Fig. 7(b); and in case II the lower values of 
perveance allow rl and r2 to intersect before rl reaches a 
minimum, i.e., since the intersecting rays originate on 
opposite sides of the apperture, rl = - r2, as illustrated in 
Fig. 7(c). The critical value of perveance at which these 
two cases coincide is designated Per. We consider these 
two cases individually. 
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FIG. 9. The Li+ emit-
ter current density re-
quired for saturation 
vs beam energy (for 
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Let Z=Zo at rl=rO and note that LF=zo-ZB. At 
rl=rO, s=O, and hence 
(15) 
from Eq. (8). The minimum beam radius rF is equal to roo 
Case II. P<Pcr 
The minimum radius occurs where rl= -r2' Solving (6) 
for rl and equating it to -r2 from (14) gives 
(16) 
This transcendental equation can be solved for SF numer-




Numerical Computation of Space Charge Effects 
A digital computer program for numerically evaluating 
rF and LF as a function of P has been written. Calcula-
tions for a wide range of parameters and for various mass 
values have been carried out and are reported elsewhere.12 
For purposes of illustration we have included a sample of 
those calculations (Fig. 8) for the conditions RB =0.25 
cm, tan'Y=0.05, and L=6, 7, 8, and 9 cm, for a 7Li ion 
beam. P cr is normally located in the vicinity of the peak 
value of L F • 
IV. ILLUSTRATIVE EXAMPLE 
Let us assume that we require a beam of 7Li+ of 20 eV 
energy whose minimum radius is 0.1 cm, and 7 cm from 
a lens whose opening has a 0.25 cm radius. To insure good 
collimation we also require that tan'Y be ",0.05. From Fig. 
8(a) and (b) we see that these conditions may be met 
with a beam whose perveance is '" 10-11 with L= 7 cm. 
From Fig. 9 we see that the above specifications demand 
that the emitter current density be ",,10-5 A/cm2• For the 
extraction stage used, the distance from to emitter to the 
L i + CURRENT DENSITY -amp!cm2 
accelerating electrode is 1.2 cm j so, to estimate the 
available current densities, we assume this to be a diode 
of 1.2 cm spacing, and from Fig. 10 we find that an 
extraction potential of 100 V does give the required current 
density, and as: 1 stepdown ratio for the deceleration stage 
is chosen. The location of aperture 2 is 1 cm beyond the 
deceleration electrode (Fig. 3). Since this deceleration 
electrode is the reference plane, we must take an image 
distance of 8 cm to enter Fig. 6. This gives an object dis-
tance of 5.5 cm and a magnification M"-'2. From Fig. 11, 
the maximum possible current at 20 eV and 'Y=0.05 is 
",7XI0-8 A. For the emitter used in this experiment we 
reduce this by a factor of 30 as discussed above, leading to 
an expected current of 2.3X10-9 A and a predicted beam 
perveance of 2.5XlO-ll in reasonable agreement with the 
initial requirements. 
The perveance of the extraction stage is defined in Eq. 
(2). For a 5: 1 stepdown ratio we obtain P e,,-,3XlO-12 j 
with this value we enter Fig. 5 and find the grid bias 
needed to give the required extraction perveance to be 
",1.25%, from which we find M",0.5 and Q/d k"-'5.7, 
where dk is the emitter to grid· distance, in this case 1.8 
mm, giving the extraction stage image distance QE'" 1.0 
cm. The 5.5 cm object distance for the deceleration stage 
then requires that the reference planes of the two stages 
be set 6.S cm apart. Assuming that the effective emission 
area radius is approximately half the radius of the grid 
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stage is 1 mm (in radius). Combining the magnifications 
of the two stages gives a value of r a"'O.l cm as required. 
To summarIze, we have found a solution to the problem 
which gives a beam of 0.1 cm minimum radius 7 cm from 
the lens, for a stepdown ratio of 5: 1, a grid bias of 1.25%, 
and an interstage spacing of 6.5 cm. For such a configura-
tion we expect a current 2.3XIO-9 A. We also note that 
at these voltages, the interstage space charge spreading 
would tend to make LF slightly larger than predicted. 
Clearly there are so many independent parameters in this 
system, that there is considerable choice in setting the 
lens to obtain any desired beam configuration; hence, 
THE REVIEW OF SCIENTIFIC INSTRUMENTS 
secondary adjustment of some of the lens parameters may 
be necessary to obtain optimum performance. 
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High Temperature-High Pressure Cell for Measuring Densities of Metals 
by Radiation Counting Technique* 
1. G. DILLON,t P. A. NELSON, AND B. S. SWANSONt 
Chemical Engineering Division, Argonne National Laboratory, Argonne, Illinois 60440 
(Received 25 August 1965; and in final form. 7 January 1966) 
Equipment and techniques have been developed for measurement of densities of metals at high temperatures 
(up to 2200"K). The equipment and techniques were demonstrated using alkali metals but are generally applicable 
not only to most metals but also to many other substances. Determination of vapor and liquid densitie3 of alkali 
metals at high temperatures and pressures was accomplished by measuring the radiation emanating from the vapor 
and liquid phases of a radioactive alkali metal contained in a high pressure cell fabricated from a molybdenum-30 
wt.% tungsten alloy. The procedure was used to obtain vapor and liquid phase densitieS,of the alkali metals at 
temperatures up to 22000K and pressures up to 500 atm, which approach critical conditions. The radiation count-
ing method involves sealing the meta! whose density is to be measured in a containment capsule, irradiating the 
capsule and metal to produce a gamma emitting isotope of the metal, charging the capsule into the high tempera-
ture cell, and counting the activity of the vapor phase and the liquid phase at temperatures ranging from room 
temperature up to the critical point. A calibration of density VB irradiation level is performed at low temperatures 
where accurate liquid density data are available. ' 
INTRODUCTION 
THE advent of space and nuclear power programs has 
resulted in a great interest in high temperature prop-
erties of materials, particularly those of metals. Up to the 
present time, no convenient technique has been available 
for accurate measurement of densities at temperatures' 
above 1500oK. Alkali metals are of particular interest to 
space programs because of their desirable properties for 
many uses such as ion engine fuels and turbine fluids. The 
physical and chemical properties of alkali metals make 
them attractive for use as nuclear reactor coolants. Equip-
* Work performed at Argonne National Laboratory, operated by 
the University of Chicago under the auspices of the U. S. Atomic 
Energy Commission, Contract No. W-31-109-eng-38. Based on 
Ph.D. thesis of I. G. Dillon, Illinois Institute of Technology (1965). 
t Present address: School of Engineering, Tuskegee Institute, 
Tuskegee Institute, Alabama 36088. 
t Present address: Illinois Institute of Technologv, Chicago, 
Illinois 60600. < 
ment and techniques for making high temperature density 
measurements on metals or other materials has been dem-
onstrated in this study by making such measurements on 
the alkali metals, cesium, rubidium, sodium, and potassium. 
Densities below 15000 K are usually measured by pyc-
nometer or dilatometer techniques.l Both methods involve 
weighing an accurately known volume. However, these 
techniques are accurate only at temperatures well below 
the boiling point of the material whose density is being 
measured. As the boiling point is approached, boiling and 
evaporation begin to occur and meaningful density meas-
urements cannot be obtained. A technique previously used 
for determination of the densities of mercury liquid and 
vapor at temperatures up to the critical point employs 
I F. Tepper, A. Murchison, J. Zelenak, and F. Roelich, "Thermo-
physical Properties of Rubidium and Cesium," MSA Research 
Corporation Rept. No. MSAR-63-116 (Callery, Pennsylvania., 
February 1963). 
